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Abstract. D-term inflation is one of the most interesting and versatile models of
inflation. It is possible to implement naturally D-term inflation within high energy
physics, as for example SUSY GUTs, SUGRA, or string theories. D-term inflation
avoids the η-problem, while in its standard form it always ends with the formation
of cosmic strings. Given the recent three-year WMAP data on the cosmic microwave
background temperature anisotropies, we examine whether D-term inflation can be
successfully implemented in non-minimal supergravity theories. We show that for all
our choices of Ka¨hler potential, there exists a parameter space for which the predictions
of D-term inflation are in agreement with the measurements. The cosmic string
contribution on the measured temperature anisotropies is always dominant, unless the
superpotential coupling constant is fine tuned; a result already obtained for D-term
inflation within minimal supergravity. In conclusion, cosmic strings and their roˆle in
the angular power spectrum cannot be easily hidden by just considering a non-flat
Ka¨hler geometry.
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1. Introduction and motivations
Inflation offers a simple solution to the shortcomings of the standard hot big bang
model. In addition, its predictions about the initial density perturbations, leading to
the observed structure formation, are in a remarkable agreement with measurements
of the Cosmic Microwave Background (CMB) temperature anisotropies. Among the
various inflationary models, one should select the ones which lead to a better agreement
with data, with the additional requirement that such models should be naturally built
within a fundamental theoretical framework. In spite of its enormous success, inflation
remains still a paradigm in search of a model.
Despite the elegance of chaotic inflation [1, 2], this simple model faces a fine tuning
problem. Consistency, between predictions for the amplitude of CMB temperature
anisotropies and measurements, requires a tiny coupling constant. To avoid this
problem, Linde [3, 4] has proposed hybrid inflation, a model of inflation based on
Einstein gravity, but driven by a false vacuum. In this model, the inflaton field rolls while
another scalar field remains trapped in a false vacuum state. The false vacuum becomes
unstable when the magnitude of the inflaton field falls below some critical value, leading
to a phase transition to the true vacuum. The energy density is dominated by the false
vacuum energy density so that the phase transition signals the end of hybrid inflation.
The phase transition at the end of inflation leads to topological defect formation [5].
Theoretically motivated inflationary models can be built in a context of
Supersymmetry (SUSY) and Supergravity (SUGRA) theories. N = 1 supersymmetric
models contain complex scalar fields, which often have flat directions in their potential,
thus offering natural candidates for inflationary models. In this framework, hybrid
inflation (driven by the F-terms or the D-terms) are the most standard models. Such
inflationary models lead generically to cosmic string formation at the end of the
inflationary era. Cosmic strings in supersymmetric theories may have new properties,
as compared to their non-supersymmetric counterparts; we do not address this issue
here.
A gauge symmetry can be broken spontaneously in N = 1 globally supersymmetric
theories, either by adding F-terms to the superpotential or, in the Abelian case, by
introducing Fayet-Iliopoulos (FI) D-terms. The Higgs mechanism leads generically [6]
to Abrikosov-Nielsen-Olesen (ANO) strings. Depending whether they were formed at
the end of F- or D-term inflation they are called F-term or D-term strings, respectively.
F-term inflation is potentially plagued with the η-problem, while D-term inflation avoids
it. This problem arises from the presence of large corrections (of the order of the Hubble
parameter during inflation) to the inflaton mass, which spoil the required flatness of the
inflaton potential. D-term inflation can be successfully implemented in the framework of
SUGRA, while in addition, it can be easily accommodated within string theory models.
In the simplest models of D-term inflation within SUGRA, in which the constant FI
term gets compensated by a single complex scalar field at the end of the inflationary era,
the D-term strings formed at the end of inflation are topologically stable, since pi1(M) 6=
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I, withM the vacuum manifold of the broken U(1) symmetry. Our study concerns such
models. However, they have been proposed [7, 8, 9] models where D-term strings can
become unstable. For example, one can introduce additional matter multiplets so as
to obtain a non-trivial global symmetry such as SU(2), leading to a simply connected
vacuum manifold and the production of semi-local strings. Alternatively, it has been
suggested [9] that the waterfall Higgs fields are non-trivially charged under some other
gauge symmetries H , such that the vacuum manifold, [H × U(1)]/U(1), is simply
connected, leading to the formation of semi-local strings.
D-term inflation requires the existence of a non-zero constant FI term, which can
be added to the Lagrangian only in the presence of a U(1) gauge symmetry. This extra
U(1) symmetry can be of a different origin. Some models have been suggested for field-
dependent FI terms, arising in the presence of a chiral superfield Φ shifting under U(1).
The imaginary part of the scalar part of the chiral superfield plays the roˆle of an axion,
and cancels the chiral anomaly by shifting under the U(1) symmetry. Such a U(1)
symmetry is called anomalous, or pseudo-anomalous since the total anomaly vanishes.
Here the FI term depends on the real part of the chiral superfield. In supersymmetry,
models with anomalous FI terms have been developed [10] within heterotic string theory.
In a cosmological setup one has first to assume the stabilisation of the chiral superfield
Φ; the roˆle of Φ may be played by any modulus (a dilaton or any volume modulus).
Only if this assumption holds the dilaton-dependent D-term can be considered as a
constant FI term. However, the issue of dilaton and moduli stabilisation in the heterotic
string theory is far from being resolved. It is still not clear how to derive constant FI
terms from string or M-theory and only field-dependent D-terms have been identified.
As we will discuss, in absence of constant FI terms, local supersymmetry requires the
superpotential to be invariant under the U(1)-gauged symmetry.
In the context of theories with large extra dimensions, brane inflation occurs in
a similar way as hybrid inflation within supergravity, leading to cosmic string-like
objects. In string theories, D-brane D¯-anti-brane annihilation leads generically to the
production of lower dimensional D-branes, with D3- and D1-branes, which are D-strings,
being predominant [11, 12] in IIB string theories. To illustrate brane inflation let
us consider [13] a Dp-D¯p system in IIB string theory. Six of the spatial dimensions
are compactified on a torus, while the branes move relatively to each other in some
directions. As the two branes approach, the open string modes between the branes
develop a tachyon, thus an instability. Brane inflation [14] ends by a phase transition
mediated by open string tachyons. Since the tachyonic vacuum has a non-trivial pi1
homotopy group, one concludes that there must exist stable tachyonic string solutions
with p − 2 co-dimensions; they are stable BPS (Bogomol’nyi-Prasad-Sommerfield)
D(p − 2)-branes. Since all dimensions are compact these daughter branes are seen
as one-dimensional objects for a four-dimensional observer; they are the D-strings.
The D-strings (D1-branes) have been identified [15] in the low-energy supergravity
with the D-term strings. The justification for this conjecture is that only D-term strings
remain BPS states in N = 1, d = 4 supergravity. In supergravity, F-term strings break
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all the supersymmetries, whereas the D-term strings preserve half of it.
An interesting and successful brane inflationary model is the D3/D7 one [16], which
has also an effective description as a D-term inflationary model. The flat direction of
the inflaton potential is associated with the shift symmetry, which protects the inflaton
field from acquiring a large mass that would spoil the required flatness of the potential.
In its original version this model leads to the formation of topologically stable ANO
BPS strings. In a later developed version [17] of the D3/D7 model, where in terms of an
effective gauge theory the model has a local U(1) gauge symmetry and a global SU(2)
symmetry, semi-local strings are formed. Such strings can unwind without any cost of
potential energy. In what follows we concentrate on inflationary models leading to the
formation of topologically stable strings.
Strings formed at the end of an inflationary era, contribute [18, 19, 20, 21, 22, 23, 24]
in the spectrum of temperature anisotropies; their contribution is heavily constrained
from CMB data. Compatibility between CMB measurements and theoretical predictions
constrain [25, 26] the parameters space (mass scales and couplings) of the inflationary
models. These constraints have been obtained [25, 26] for D-term inflation within
minimal SUGRA. Here, we would like to investigate whether the constraints on the
parameters space are a result of our choice of minimal supergravity, or whether they
are a generic outcome of D-term hybrid inflation. We will therefore examine D-term
inflation originated by different choices of the Ka¨hler potential. The main motivation
being that a minimal Ka¨hler potential can be considered as a peculiar and unmotivated
choice [5].
We base our study in a formulation of supergravity constructed from superconformal
theory, since the standard formulation may be insufficient in the presence of constant
Fayet-Iliopoulos terms [9].
To be able to constrain the parameters space of the models we should know the
power spectrum of a cosmic strings network and the allowed upper limit on the cosmic
string contribution to the measured temperature anisotropy spectrum. The upper limit
imposed on the cosmic string contribution to the CMB data depends on the numerical
simulation employed in order to calculate the cosmic string power spectrum. The upper
limit found in the literature [27] is 7% or 11%, depending on the simulation, with 95%
confidence level. There are some uncertainties in these results due to the cosmic string
evolution codes they are based on‡ and therefore in our calculations we use an average
value for the upper bound equal to 9%. Note that none of the existing simulations take
into account a non trivial microstructure of the cosmic strings formed: however they
have been shown to be superconducting in supersymmetric abelian symmetry breaking
‡ The upper limit of 7% was found using the results of Ref. [28], based on the velocity-dependent
one-scale model for the string evolution. This approach is certainly not the best. The upper limit of
11% was found using the results of Ref. [29]; however recently the authors have corrected [30] a mistake
in their code, which has not been taken into account in Ref. [27]. Note however that the corrected
version of the code [30] seems to give similar results. We believe that the recent publication given in
Ref. [31] is the best, at present, approach.
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through F- or D-terms [32].
We plan the rest of the paper as follows: In Section II we address hybrid D-term
inflation, first within the standard formulation of supergravity, and subsequently within
the effective supergravity theory built upon superconformal field theory. In the rest of
the paper we focus on the second approach. We briefly review the effective supergravity
formulation because of its consequences for D-term inflation, often not taken into
consideration. In Section III we review D-term inflation in minimal supergravity. In
Section IV we discuss inflation in a supergravity theory with shift symmetry. In Section
V we consider D-term inflation in supergravity models with higher order terms, including
all corrections up to order M−2Pl . We round up our conclusions in Section VI.
2. Hybrid inflation and supergravity formulations
We first review hybrid D-term inflation model in its standard supergravity formulation.
2.1. Standard formulation of supergravity
Following the standard formulation of supergravity [33, 34], the general SUGRA
Lagrangian for chiral superfields Φi, and a vector superfield, depends on three generic
functions: the Ka¨hler potential K(Φi, Φ¯i), the superpotential W (Φi), and the kinetic
function fab(Φi) for the vector multiplets. It can be expressed as an integral over the
Grassmann variables θ and θ¯ (over superspace), as [33]:
LSUGRA =
∫
d2θd2θ¯ K(Φ†ie
2gV ,Φi) +
∫
d2θ[W (Φi) + h.c.]
+
∫
d2θ[fab(Φi)W
α
a Wαb + h.c.] , (1)
where h.c. stands for Hermitian conjugate. It turns out that the effective Lagrangian
obtained from Eq. (1) depends only on one combination of the Ka¨hler potentialK(Φi, Φ¯i)
and the superpotential W (Φi), the following:
G(Φi, Φ¯i) =
K(Φi, Φ¯i)
M2Pl
+ ln
|W (Φi)|2
M6Pl
. (2)
A priori, the only restriction for the choice of the Ka¨hler potential K and the
superpotential W is that K must be a real function and W must be a holomorphic
function. However, there exists a degeneracy in the choices of K and W , while the
Lagrangian is invariant under the Ka¨hler transformation
K(Φi, Φ¯i)→ K(Φi, Φ¯i) + h(Φi) + h⋆(Φ¯i)
W (Φi) → e−hW (Φi) . (3)
Assuming that the Lagrangian must be invariant also under a gauge symmetry, W
and K must be invariant, at least up to a Ka¨hler transformation. The gauge kinetic
function fab(Φi) must be holomorphic and covariant under gauge symmetry. Choosing
for example the minimal Ka¨hler potential
Kmin(Φi, Φ¯i) =
∑
i
|Φi|2 , (4)
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the kinetic terms for the scalar parts of the Φi’s are simply§
KijDµφiD
µφj
∗
= DµφiD
µφi
∗
. (5)
In minimal SUGRA, we also set the gauge kinetic function fab equal to δab.
Within this framework of supergravity, and assuming that there is a gauge
symmetry, the scalar potential V for the scalar components φi of the superfields Φi
reads
V =
eG
M4Pl
[
Gi(G
−1)ijG
j − 3
]
+
1
2
[Refab(Φi)]
−1
∑
a
g2aD
2
a ; (6)
the first term in the r.h.s of Eq. (6) is called F-term and the second one D-term. While
the F-term has in general positive and negative contributions, the D-term is positive
definite. Da is given by
Da = φi(Ta)
i
jK
j + ξa , (7)
where the Fayet-Iliopoulos term, ξa, is non-zero only if the gauge symmetry is Abelian;
ga is the gauge coupling of the symmetry generated by Ta. Assuming a constant FI
term, D-term potential may lead to de Sitter type of solutions, which is particularly
interested for building an inflationary model within supergravity.
The standard D-term hybrid inflation model is based on the superpotential [36, 35]
W = λSΦ+Φ− , (8)
where S,Φ+,Φ− are three chiral superfields and λ is the superpotential coupling. This
model assumes an invariance under an Abelian gauge group U(1)ξ, under which the
three superfields, S,Φ+,Φ−, have charges 0, +1 and −1, respectively. This model also
assumes the existence of a constant FI term‖.
However, the above summarised supergravity formulation (called hereafter
standard) is inappropriate to describe D-term inflation [9]. Indeed, in D-term inflation
the superpotential vanishes at the unstable de Sitter vacuum, as it also vanishes in the
absolute Minkowski vacuum; anywhere else the superpotential is non-zero. Thus, the
standard formulation of supergravity, where the Lagrangian depends on K and W only
through the combination given in Eq. (2) is inappropriate, since the theory is ill defined
at W = 0. In conclusion, D-term inflation in supergravity must be described with a
non-singular formulation of SUGRA when the superpotential vanishes.
2.2. Effective supergravity from superconformal field theory
2.2.1. Superconformal Lagrangian Various formulations of effective supergravity can
be constructed from the superconformal field theory (see, Ref. [37] for a recent review).
§ We use the notations of Ref. [33] for indices.
‖ A supersymmetric description of the standard D-term inflation is insufficient, the reason being that
the inflaton field reaches values of the order of the Planck mass, or above it, even if one concentrates
only around the last 60 e-folds of inflation [26, 25]. The correct analysis is indeed in the context of
supergravity [26, 25].
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The main idea is, in a first stage, to build a Lagrangian with full superconformal theory.
In a second stage, the gauge symmetries that are absent in Poincare´ supergravity (e.g.,
local dilatations, local chiral U(1)-symmetry and local S-supersymmetry) are gauge
fixed. Starting from this framework in order to derive the effective supergravity theory,
one can construct a non-singular theory at W = 0, where the action depends on all
three functions, K,W and fab.
The Superconformal Field Theory (SCFT) is based on the SU(2, 2|1) symmetry.
The superconformal Lagrangian contains three parts, each of them being separately
conformally invariant. For n+1 chiral multiplets XI (with (XI)
⋆ ≡ XI) and some vector
multiplets λα superconformally coupled to supergravity, the superconformal Lagrangian
reads [9]
LSCFT = [N (X,X⋆)]D + [W(X)]F +
[
fαβ(X)λ¯
αλβ
]
F
. (9)
The homogeneous function N (X,X⋆) and the holomorphic functions W(X), fαβ(X)
encode the Ka¨hler potential, the superpotential and gauge kinetic function, respectively,
once the extra gauge symmetries have been gauge-fixed.
After constructing the Lagrangian, we fix the extra symmetries. Fixing local
dilatation, the number of chiral scalars is decreased by one : there will be only n
physical scalar fields in supergravity. Fixing S-supersymmetry makes a free fermion
field to be removed. One thus makes a transformation from the n + 1 variables XI to
the conformon scalar Y and n physical scalars zi, the n chiral superfields of standard
supergravity. More precisely,
XI = Y xI(zi) , (10)
where xI are a set of holomorphic functions. The Ka¨hler potential K is related to the
function N (X,X⋆), appearing in the superconformal Lagrangian, and the conformon
superfield Y through
K(z, z⋆) = −3 ln
(
−1
3
N /Y Y ⋆
)
. (11)
Chiral and dilatation symmetry imply that the holomorphic function W is
W(Y, z) = Y 3M−3Pl W (z) . (12)
Apart the local SU(2, 2|1) symmetry, the Lagrangian may also have some Yang-
Mills gauge symmetries, which commute with local superconformal symmetries. The
superconformal functions N ,W are invariant, while the superconformal function fab is
covariant under the Yang-Mills gauge symmetries. The Yang-Mills transformations of
all chiral superfields in the superconformal action are
δαY = Y rα(z) and δαzi = ηαi(z) , (13)
rα(z) and ηαi(z) are n + 1 holomorphic functions for every symmetry. Note that
the splitting given in Eq. (13a) is not unique; the action invariance under Ka¨hler
transformation, Eq. (3), has its origin exactly in this remark. The meaning of the
value of rα is the transformation of the conformon field Y .
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The invariance of N leads to [9]
0 = N
{
rα(z) + r
⋆
α(z
⋆)− 1
3
[
ηαi∂
iK(z, z⋆) + η iα ∂iK(z, z⋆)
]}
, (14)
implying that rα(z) describes the non-invariance of the Ka¨hler potential K(z, z⋆) given
by δαK ≡ ∂iKδαzi + ∂iKδαzi. Note that derivatives ∂i (and ∂i) stand for derivatives
w.r.t. zi (and z
i ≡ z⋆, respectively). Assuming that the transformation of the conformon
superfield Y is given by imaginary constants, then
rα = i
gξα
3M2Pl
and ∂iξα = 0 ; (15)
g is the gauge coupling constant. If rα(z) 6= 0, the conformon superfield Y transforms
under a U(1). Only if rα(z) = 0 the symmetry is preserved without corrections of the
superconformal U(1). Equation (15a) shows the superconformal origin of FI terms via
the gauge transformations of the conformon field. Equation (14) implies that the Ka¨hler
potential is invariant [9]
δαK = 0 . (16)
The function W should be invariant under Yang-Mills transformations,
δαW = 0 , (17)
implying
δαW ≡ ηαi∂iW = −3rαW . (18)
Since the r.h.s. of the above equation, Eq. (18), is non-zero when FI terms are present,
one concludes that the superpotential W cannot be gauge invariant, if the conformon
multiplet Y transforms under gauge transformations. Assuming that rα is given by
Eq. (15a), which corresponds to a constant FI term in supergravity, one gets [9]
δαW = ηαi∂
iW = −i gξα
M2Pl
W . (19)
To construct a formulation of supergravity with constant FI terms from
superconformal theory, one finds [9] that under U(1) gauge transformations in the
directions in which there are constant FI terms ξα, the superpotentialW must transform
as in Eq. (19). As a consequence, we cannot keep any longer the charge assignment
described in the case of standard supergravity.
2.2.2. Supergravity formulations from gauge fixing As it was explicitly shown in
Ref. [9], the gauge fixing of the local dilatational invariance introduces the mass scale
MPl, which we set M
2
Pl = −13N , and fixes the value of the conformon superfield in terms
of the Ka¨hler potential K(z, z⋆), which depends only on the physical scalars z and z⋆,
namely
|Y |2 =M2Pl exp(K(z, z⋆)/3) . (20)
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The value |Y | being fixed, we then fix the phase of Y . The superconformal Lagrangian,
Eq. (9), is invariant under the redefinition
Y → Y eΛY (z)/3 , (21)
for an arbitrary holomorphic function ΛY (z), since this redefinition can be absorbed in
a redefinition of zi. We can check that the effect of this redefinition on K and W is
precisely the Ka¨hler transformation introduced in Eq. (3).
Two choices have been proposed [9, 37] in order to fix the phase of Y . Either
W =W⋆ , (22)
leading to the standard formulation of SUGRA, described previously, or alternatively
Y = Y ⋆ . (23)
The first choice, Eq. (22), makes sense only for W 6= 0, while the second one, Eq. (23),
is appropriate for cases where W can become zero. Since in what follows we focus on
D-term inflation, where the superpotential vanishes during inflation as well as at the
end of the inflationary era, we adopt the second choice of gauge fixing. In this case,
the form of the Lagrangian is explicitly given in Refs. [9, 37]. We give below several
quantities which are of interest for the purpose of our study.
To switch to dimensional Ka¨hler potential and fields, we redefine zi and K, as [9]
zi = z
0
i +
Φi
MPl
and K =M−2Pl K(Φi,Φ⋆i ,M−1Pl ) ; (24)
K(Φi,Φ
⋆
i ,M
−1
Pl ) is regular at M
−1
Pl = 0. We denote the scalar part of the superfield
Φi by φi. From now on derivatives ∂
i stand for derivatives w.r.t. φi; we thus use the
fields φi and their complex conjugates φ
i to indicate scalar fields. The previous choice
of conformon transformation, Eq. (15), now reads r˜α(φ) = igξα/3. The supergravity
Lagrangian depends onW (φ), K(φ, φ⋆) and fab(φ). Constant FI terms can be introduced
for some of the U(1) gauge groups.
We write below the bosonic and fermionic parts of the Lagrangian for the scalar
fields φi, which are relevant for D-term inflation in the context of supergravity formulated
using superconformal theory. The part of the bosonic sector which interests us, is
e−1Lbos = −gij(∂µφi)(∂µφj)− VF − VD + . . . , (25)
with
VF = e
K/M2
Pl
[
(DiW )(g−1)ij(DjW ∗)− 3 |W |
2
M2Pl
]
VD =
1
2
[
(Ref)−1
]αβ PαPβ , (26)
where
Pα(φ, φ⋆,M−1Pl ) = i
[
(δαφi)∂
iK(φ, φ⋆,M−1Pl )− 3r˜α(φ,M−1Pl )
]
, (27)
and
DiW = ∂iW +M−2Pl (∂iK)W . (28)
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The fermionic mass terms for fermions χi of chiral supermultiplets φi are given by
the fermionic sector of the Lagrangian, namely [9]
e−1Lferm = −gij
[
χ¯jD/χi + χ¯iD/χj
]
−mijχ¯iχj −mijχ¯iχj + e−1Lmix , (29)
where m ≡ eK/2W and
mij ≡ DiDjm =
(
∂i +
1
2
(∂iK)
)
mj − Γijkmk
mi ≡ Dim = eK/2DiW = ∂im+ 1
2
(∂iK)m (30)
mi ≡ Dim∗ = eK/2DiW ∗ = ∂im∗ + 1
2
(∂iK)m∗ , (31)
and where the Ka¨hler metric and Ka¨hler connection are defined by
(g)i
j ≡ ∂i∂jK
Γijk ≡ (g−1)lk∂igjl . (32)
In addition to the standard mass terms proportional to mij , some mixing mass terms
between the chiral fermions χi and the gaugino or the gravitino are contained in Lmix.
They can potentially contribute to the fermionic mass matrix [9]:
e−1Lmix = − 2miαχ¯iλα − 2miαχ¯iλα
+
[
gj
iψ¯µL(∂/φ
j)γµχi + ψ¯R · γv1L + h.c.
]
, (33)
where
miα = − i
[
∂iPα − 1
4
(Ref)−1βγPβfγαi
]
v1L =
1
2
iPαλαL +miχi . (34)
In the case of non vanishing Lmix, the masses of are obtained by diagonalising the
fermionic mass matrix.
2.2.3. Consequences for D-term inflation in SUGRA Let us investigate the
consequences of a formulation of supergravity constructed from superconformal theory
for D-term inflation. First, the transformation of the SUGRA superpotential given
by the Eq. (19) imposes a modification of the charge assignment of Section 2.1. This
charge assignment holds for the global supersymmetric limit. Since the charge of the
superpotential is given by the sum of the charges of the fields S, Φ±, we must impose [9]
q(S) = − ξ
M2Pl
ρS, q(Φ±) = ±1− ξ
M2Pl
ρ± , where
∑
i=S,±
ρi = 1 . (35)
Note that as a consequence, we can relate the FI amplitude to the anomaly of the
symmetry U(1)
ξ
M2Pl
= −Tr Q = ∑
i=S,±
qi , (36)
similarly to the generation of FI terms with anomalous U(1) symmetry within weakly
coupled string theories.
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In Ref. [9] the authors suggest a way to solve the anomalous U(1) symmetry.
More precisely, the authors introduce new matter superfields, which are not involved in
inflation, with appropriate charge assignments so that the anomaly gets cancelled¶. In
order to avoid an η−problem we set ρS = 0. This modification of the charge assignment
induces a modification of the D-terms of the scalar potential. Since the function K is
real and W is holomorphic, we can check that the expression of the F-terms, Eq. (26),
is identical to the standard formulation of supergravity.
Concerning the radiative corrections, the modification of the charges induces a
modification of the mass terms for the scalar components of the chiral superfields, since
part of their mass terms comes from the D-terms. The fermionic Lagrangian, Eq. (29),
is identical to the expression obtained in the context of standard supergravity given
in [33, 34]. Note that in the case of interest, there are no additional contributions to
the chiral fermion mass terms from Lmix given in Eq. (33).
The last consequence of the superconformal origin of supergravity concerns the form
of the superpotential. We first remark that the transformation of the superpotential,
Eq. (19), combined with the requirement that the inflaton field should remain uncharged
in order to avoid the η-problem, protect the form of the superpotential
W = λSΦ+Φ− ; (37)
all non-renormalisable terms of the form S(Φ+Φ−)
n/M2n−2Pl are forbidden. Secondly, if
we assume in addition that the superfields and the superpotential transform under an
R-symmetry as
Φ+ → eiβΦ+ , Φ− → e−iβΦ− ,
S → eiαS , W → eiαW , (38)
then all terms proportional to Sn, with n > 1, and all terms of the form f(S)g(Φ+) or
f(S)g(Φ−) are forbidden. We end up with a D-term inflation that is precisely described
by the minimal superpotential, Eq. (37), even if in supergravity non-renormalisable
terms can be present. This motivates our choice to consider in this work, the standard
form of superpotential.
3. D-term inflation in minimal SUGRA
The minimal supergravity description is based on the minimal Ka¨hler potential
Kmin =
∑
i
|Φi|2 = |Φ−|2 + |Φ+|2 + |S|2 , (39)
and the minimal structure for fab(Φi), namely fab(Φi) = δab. The tree level scalar
potential reads+ [9]
VSUGRA = λ
2 exp
( |φ−|2 + |φ+|2 + |S|2
M2Pl
)
¶ Cancellation conditions for gauge anomalies within N = 1 four-dimensional supergravity with Fayet-
Iliopoulos couplings has been recently addressed in Refs. [38, 39].
+ This formula differs slightly from the one in Ref. [9]. In the last F-term there is a factor 3 instead of
6.
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×
[
|φ+φ−|2
(
1 +
|S|4
M4Pl
)
+ |φ+S|2
(
1 +
|φ−|4
M4Pl
)
+ |φ−S|2
(
1 +
|φ+|4
M4Pl
)
+ 3
|φ−φ+S|2
M2Pl
]
+
g2
2
(
q+|φ+|2 + q−|φ−|2 + ξ
)2
. (40)
The next step is the calculation of the masses of the components of the superfields
Φ±. The scalar mass squared can be read directly from the scalar potential [9], namely
m2± = λ
2e|S|
2/M2
Pl |S|2 + g2q±ξ . (41)
Strictly speaking, one must use the charge assignment given by Eq. (35), for example,
q± = ±1 − 1
2
ξ
M2Pl
. (42)
Hereafter we assume ξ/M2Pl ≪ 1 and therefore the expression for the scalar masses,
Eq. (41), can be approximated as
m2± ≃ λ2e|S|
2/M2
Pl |S|2 ± g2ξ . (43)
In the inflationary valley, where φ± = 0, the associated Dirac fermions have a mass
squared
m2f = λ
2e|S|
2/M2
Pl|S|2 , (44)
unchanged compared to the case of standard minimal supergravity [25, 26].
Using the Coleman-Weinberg formula, we can then compute the effective
inflationary potential, taking into account the tree-level and the one-loop radiative
corrections due to the mass splitting between components of the chiral superfields Φ±.
The effective potential reads [25, 26]
V eff(|S|) = g
2ξ2
2
{
1 +
g2
16pi2
[
2 ln
(
z
g2ξ
Λ2
)
+ fV (z)
]}
, (45)
where
fV (z) = (z + 1)
2 ln
(
1 +
1
z
)
+ (z − 1)2 ln
(
1− 1
z
)
, (46)
and
z ≡ λ
2
g2ξ
|S|2 exp
( |S|2
M2Pl
)
. (47)
D-term inflation leads to cosmic strings formation at the end of the inflationary
era. Consistency between CMB measurements and theoretical predictions constrain the
parameters space. The constrains are imposed on the couplings and mass scales. They
are shown in Fig. 1 and can be summarised as [25, 26]
g <∼ 2× 10−2 and λ <∼ 3× 10−5 . (48)
The above constraints, Eq. (48), can be expressed [25, 26] as a single constraint on the
Fayet-Iliopoulos term ξ, namely,√
ξ <∼ 2× 1015 GeV . (49)
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We can therefore see that our assumption that ξ/M2Pl ∼ 10−6 ≪ 1 in Eq. (43) is jus-
tified [40, 41, 42], which implies that for the purpose of our study and for minimal
D-term inflation, we can neglect the corrections introduced by the superconformal ori-
gin of supergravity. Moreover, since the tree level potential is given by V0 ∝ ξ2, the
limit ξ/M2Pl ≪ 1 should hold since otherwise the energy density would become trans-
plankian and the quantum gravity corrections, which have been so far neglected [25],
would become important [2].
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Figure 1. In the framework of standard D-term inflation in minimal SUGRA, cosmic
string contribution to CMB quadrupole anisotropies, for various values of the gauge
coupling g, as a function of the superpotential coupling constant λ.
In what follows we address whether the restrictions found in the framework of
minimal SUGRA, are still qualitatively valid for a non-minimal SUGRA theory. We
will thus study D-term hybrid inflation with a superpotential W defined by Eq. (8) and
different choices for the form of the Ka¨hler potential.
4. Inflation with shift symmetry
We first study hybrid inflation in the context of supergravity, with a Ka¨hler potential
obeying a shift symmetry. This symmetry can be used for model building in the
framework of supergravity, while it is also motivated from string theory [43]. More
precisely, the shift symmetry,
S → S + iC , (50)
with C a real constant, has been used in order to obtain flat potentials from F-terms in
SUGRA, so that the η-problem is cured, or to make compatible chaotic inflation, which
requires an inflaton field larger than the Planck scale, and supergravity [44].
Thus, we consider the following form for the Ka¨hler potential
K1 =
1
2
(S + S¯)2 + |φ+|2 + |φ−|2 , (51)
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and minimal structure for the kinetic function. We note that compared to the minimal
Ka¨hler potential, Eq. (39), K1 has two additional terms,, S
2/2 and S¯2/2, which do not
affect the kinetic terms.
Using the standard expression for the scalar potential, Eq. (6), we obtain,
V = VF + VD , (52)
where the D-terms are not modified as compared to the minimal SUGRA case. Thus,
assuming ξ/M2Pl ≪ 1,
VD ≃ g
2
2
(
|φ+|2 − |φ−|2 + ξ
)2
, (53)
and the F-terms are given by
VF = λ
2 exp
( |φ−|2 + |φ+|2
M2Pl
)
exp
[
(S + S¯)2
2M2Pl
]
×
[
|φ+φ−|2
(
1 +
S2 + S¯2
M2Pl
+
|S|2|S + S¯|2
M4Pl
)
+ |φ+S|2
(
1 +
|φ−|4
M4Pl
)
+ |φ−S|2
(
1 +
|φ+|4
M4Pl
)
+ 3
|φ−φ+S|2
M2Pl
]
. (54)
As in the case of D-term inflation studied within minimal supergravity, the potential
has a global minimum
V = 0 for 〈S〉 = 0 , 〈Φ+〉 = 0 , 〈Φ−〉 =
√
ξ . (55)
There is also a local minimum for large values of S,
V =
g2ξ2
2
for 〈S〉 ≫ Sc , 〈Φ±〉 = 0 . (56)
Comparing with the scalar potential obtained in minimal SUGRA, we can identify
two differences. The first one is that there are several new terms proportional to
|Φ+Φ−|2. These terms will not affect the effective mass terms of the Φ± fields, thus
they will not affect the inflationary potential, even when one-loop radiative corrections
have been taken into account. The second one is that the exponential factor e|S|
2
in
minimal SUGRA, has been here replaced by e(S+S¯)
2/2. Writing S = η + iφ0, we get
e(S+S¯)
2/2 = eη
2
. If we identify the inflaton field with the real part of S, then we obtain
exactly the same potential as in the minimal case. However, with the present choice for
the Ka¨hler potential, K1, it would be more logical to identify the inflaton field with the
imaginary part of S, namely φ0. The reason being that with this choice the exponential
term is constant during inflation, thus it cannot spoil the slow roll conditions. Then
we can check that the inflationary potential we get is identical to the usual D-term
inflation within the global SUSY framework. This model has been studied in Ref. [25].
The result obtained in Ref. [25] is reminded in Fig. 2. Clearly, in such a model the
cosmic string contribution to the CMB anisotropies is dominant, in contradiction with
the CMB measurements, unless the superpotential coupling is constrained to be
λ <∼ 3× 10−5 . (57)
Concluding, we state that simply imposing a shift symmetry to the Ka¨hler potential is
not enough to escape the cosmic string problem of D-term inflation.
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Figure 2. Cosmic string contribution to the CMB temperature anisotropies as a
function of the superpotential coupling constant λ, in the case of the D-term inflation
model in the framework of global SUSY. Figure taken from Ref. [25].
5. D-term inflation with higher order terms
In this section, we consider another choice of Ka¨hler potential that contains non
renormalisable terms. More precisely, we consider the following form
K2 = |S|2+ |Φ+|2+ |Φ−|2+f+
( |S|2
M2Pl
)
|Φ+|2+f−
( |S|2
M2Pl
)
|Φ−|2+b |S|
4
M2Pl
, (58)
where f± are arbitrary functions of (|S|2/M2Pl). Contrary to the previous section, this
new form should modify the kinetic terms. The motivation for this choice is that it
contains the next-to-minimal Ka¨hler potential, with all terms up to order M−2Pl . We
consider in a first place a reduced version of this potential and then we proceed with
the full expression. We remind to the reader that our primary goal is not to build a new
model for D-term inflation in the context of supergravity, but to study the robustness
of our prediction that there is a dominant contribution of cosmic strings to the CMB
temperature anisotropies, unless we fine tune the superpotential coupling constant λ.
5.1. Simplified case : b = 0
We first consider the case of the previous Ka¨hler potential, Eq. (58), setting b = 0,
implying
K3 = |S|2 + |Φ+|2 + |Φ−|2 + f+
( |S|2
M2Pl
)
|Φ+|2 + f−
( |S|2
M2Pl
)
|Φ−|2 , (59)
where f± are arbitrary functions of (|S|2/M2Pl), while the superpotential is given in
Eq. (8). One can argue that the Ka¨hler potential given in Eq. (59) is quite general, since
during inflation the Higgs fields are small. However, one can also criticise this choice
for the following reason: even though |φ±|4-terms are indeed negligible as compared to
the |φ±|2-ones (the |φ±|-terms are small during the inflationary era) there is no reason
for neglecting |S|4/M4Pl-terms. They will be taken into account in next section.
In this model, the scalar potential can be calculated using Eq. (6) and reads
V (|S|) = VF + VD , (60)
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where the F-part is∗
VF = λ
2 e
K
detKi
j
[{
(1 + f+)(1 + f−)
×
[
1 +
|S|2
M2Pl
(
1 + f ′+
|φ+|2
M2Pl
+ f ′−
|φ−|2
M2Pl
)]2 }
|φ+φ−|2
+
{[
(1 + f+)(1 + ∆)− f ′+2
|Sφ+|2
M4Pl
] [
1 +
|φ−|2
M2Pl
(1 + f−)
]2 }
|φ+S|2
+
{[
(1 + f−)(1 + ∆)− f ′−2
|Sφ−|2
M4Pl
] [
1 +
|φ+|2
M2Pl
(1 + f+)
]2 }
|φ−S|2
− 2
{ [
1 +
|S|2
M2Pl
(
1 + f ′+
|φ+|2
M2Pl
+ f ′−
|φ−|2
M2Pl
)]
× [(1 + f+)(1 + f−)]′
} |φ+φ−S|2
M2Pl
+ 2
{
f ′+f
′
−|S|2
[
1 +
|φ+|2
M2Pl
(1 + f+)
] [
1 +
|φ−|2
M2Pl
(1 + f−)
]} |φ+φ−S|2
M2Pl
]
− 3λ2eK |Sφ+φ−|
2
M2Pl
. (61)
and the D-part is
VD =
g2
2
[
q+(1 + f+)|φ+|2 + q−(1 + f−)|φ−|2 + ξ
]2
. (62)
We have used the following notations
f± ≡ f±(x)
∣∣∣∣
x=|S|2/M2
Pl
,
f ′± ≡
df±(x)
dx
∣∣∣∣
x=|S|2/M2
Pl
, f ′′± ≡
d2f±(x)
dx2
∣∣∣∣
x=|S|2/M2
Pl
,
∆ ≡
(
f ′+ + f
′′
+
|S|2
M2Pl
) |φ+|2
M2Pl
+
(
f ′− + f
′′
−
|S|2
M2Pl
) |φ−|2
M2Pl
(63)
and
detK ji = (1 + ∆)(1 + f+)(1 + f−)
− (1 + f+)f ′−2
|Sφ−|2
M4Pl
− (1 + f−)f ′+2
|Sφ+|2
M4Pl
. (64)
As in minimal supergravity, the tree level inflationary potential is constant and equal
to
V0 =
1
2
g2ξ2 , (65)
∗ We disagree with the expression given in Ref. [45]. We believe that in Ref. [45] the authors made
some unjustified assumptions under which our expression for VF , given in Eq. (61), can be reduced
to the expression given in Ref. [45]. Even though this disagreement has no implications for the rest
of our study, we would like to bring to the attention of the reader that the correct expression for the
F-contribution to the scalar potential, VF , is indeed given in Eq. (61).
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while supersymmetry is broken. The spontaneous symmetry breaking of supersymmetry
in the inflationary valley introduces a splitting in the masses of the components of the
chiral superfields Φ±. As a result, one obtains two scalars with squared masses
m2± = λ
2|S|2 exp
( |S|2
M2Pl
)
1
(1 + f+)(1 + f−)
± g2q±ξ (66)
and a Dirac fermion with squared mass
m2fermion = λ
2|S|2 exp
( |S|2
M2Pl
)
1
(1 + f+)(1 + f−)
. (67)
The one-loop radiative corrections to the inflationary potential can be calculated using
the Coleman-Weinberg formula. Taking also into account the tree level contribution,
the effective scalar potential for the considered D-term inflationary model reads [45]
Veff(|S|) = g
2ξ2
2
{
1 +
g2
16pi2
[
2 ln
(
z
g2ξ
Λ2
)
+ fV (z)
]}
, (68)
with
fV (z) = (z + 1)
2 ln
(
1 +
1
z
)
+ (z − 1)2 ln
(
1− 1
z
)
(69)
and
z ≡ λ
2|S|2
g2ξ
exp
( |S|2
M2Pl
)
1
(1 + f+)(1 + f−)
. (70)
Strictly speaking the above expression holds for the limit where ξ/M2Pl ≪ 1, which is
indeed the case as one can confirm in the end of this section.
Note that the expression for the effective scalar potential is identical to that of
minimal supergravity, except for the expression of z. The first derivative of the potential
is equal to
V ′eff(|S|) ≡
dVeff
d|S| =
g4ξ2
16pi2
zfz(|S|)fV ′(z) , (71)
where
fV ′(z) ≡ (z + 1) ln
(
1 +
1
z
)
+ (z − 1) ln
(
1− 1
z
)
, (72)
fz(|S|) ≡ 2|S|
[
1
M2Pl
+
1
|S|2 −
f ′+
(1 + f+)
− f
′
−
(1 + f−)
]
; (73)
f ′± denote the first derivative of f± with respect to |S|2. A choice which we will later
consider for f± is
f±
( |S|2
M2Pl
)
= c±
|S|2
M2Pl
, therefore f ′± = c±
1
M2Pl
. (74)
In the large |S|-limit the effective potential and its first derivative with respect to |S|
reduce to
Veff(|S|) ≃ g
4ξ2
16pi2
[
ln
(
λ2|S|2
(1 + f+)(1 + f−)Λ2
)
+
|S|2
M2Pl
]
(75)
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and
dVeff
d|S| ≡ V
′
eff(|S|) ≃
g4ξ2
16pi2
fz(|S|) , (76)
respectively.
At this point, we would like to note that D-term inflation can be realised with
the last 60 e-folds being very close to the critical value zend = 1, implying that the
above reduced formulae, Eqs. (75), (76), cannot be used to compute the predictions of
the model regarding the CMB temperature anisotropies. Therefore, we disagree with
the approach of Ref. [45], where the authors have used the reduced formulae for the
effective potential and its first derivative, to compute the inflaton contribution to the
CMB temperature anisotropies.
To illustrate the above remark, we represent in Fig. 3 the error made by this
assumption. The cosmic string contribution is drawn as a function of the superpotential
coupling constant λ, considering either the partial or the full scalar potential. One can
realise that the error on the cosmic string contribution can reach 50%, leading to a
considerable error in the induced constraints on the parameters space.
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Figure 3. Cosmic string contribution to the CMB quadrupole anisotropies as a
function of the superpotential coupling constant λ with partial (dashed line) or full
(continuous line) scalar potential.
The number of e-foldings of inflation between the initial and final value of the
inflaton field is
NQ ≡ ln
(
aend
aQ
)
=
8pi2
g2M2Pl
∫ zQ
1
dz
z2f 2z [S(z)]fV ′(z)
, (77)
where we note that the index Q denotes the scale responsible for the quadrupole
anisotropy in the CMB. For the integral appearing in the above expression for NQ
to be correctly defined, one must assume that the function
z ≡ λ
2
g2ξ
|S|2 exp
( |S|2
M2Pl
)
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can be inverted. Since it is a monotonic and increasing function, one can verify, at least
numerically, that the function z(|S|) can be inverted. We denote the inverted function
by S(z).
The above expression for NQ, Eq. (77), will enable us to write a relation between ξ
and zQ. Setting NQ = 60, we can fix the value of the inflaton field SQ, responsible for
the quadrupole anisotropy of the CMB.
5.1.1. Normalisation to COBE D-term inflation leads generically to cosmic strings
formation, which also contribute to the CMB temperature anisotropies. The total
contribution, from the inflaton field as well as from the cosmic strings, has to be
normalised to the value measured by the COBE-DMR experiment. This normalisation
will fix the mass scale
√
ξ as a function of the superpotential coupling λ and the gauge
coupling g, which are considered here as parameters. Thus, we have to calculate both,
the cosmic strings contribution and the inflaton field one, and normalise their sum to
COBE-DMR. Here we emphasise that different approaches can be found in the literature
where the authors do NOT normalise the sum of the two contributions to the data.
Clearly not to normalise the sum to the data is a simplification, which may lead to
an important error for the result. Normalising only the inflationary contribution to
the quadrupole absolute value can be considered as an assumption where the cosmic
string contribution is neglected. This assumption could be allowed only if one wants
to argue that the cosmic strings are sub-dominant. However, since we already know
that cosmic strings are indeed sub-dominant and our aim is to constrain the parameters
space and calculate exactly how sub-dominant the strings are, this simplification in the
normalisation implies important errors in the calculated cosmic string contribution.
From the scalar potential given in Eq. (60), one can see that the spontaneous
symmetry breaking is generated when φ± takes a vacuum expectation value
√
ξ. Thus,
the quadrupole contribution to the CMB temperature anisotropies from the cosmic
strings formed at the end of hybrid inflation, which is(
δT
T
)
Q−CS
≃ (9− 10)Gµ with µ = 2pi〈X 〉2 , (78)
where X is the vacuum expectation value of the Higgs field responsible for the formation
of cosmic strings, is approximately equal to(
δT
T
)
Q−CS
≃ 9
4
ξ . (79)
For the contribution from the inflaton field, we evaluate the Sachs-Wolfe term
splitted into the scalar and tensor parts, using(
δT
T
)
Q−scal
≃ 1
4
√
45pi
V 3/2(SQ)
M3PlV
′(SQ)
(80)
and (
δT
T
)
Q−tens
≃ (0.77)
(8pi)
V 1/2(SQ)
M2Pl
. (81)
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From Eqs. (65), (71), (80) and (81) we get(
δT
T
)
Q−scal
≃
√
2pi√
45
ξ
g
1
M3Pl
z−1Q f
−1
V ′ (zQ)f
−1
z (SQ) (82)
and (
δT
T
)
Q−tens
≃ 0.77
8
√
2pi
1
M2Pl
gξ . (83)
We note that the ratio of the tensor part of the inflaton field contribution to the cosmic
strings one is constant, and that the tensor part contribution can be neglected. The
tensor over scalar ratio, rinfl, is less straightforward and it is given by
rinfl =
0.77
√
45
16pi2
g2 zQMPl fV ′(zQ)fz(SQ) . (84)
We then proceed with the cosmic string contribution to the quadruple CMB
temperature anisotropy. This contribution in computed as a function of the
superpotential coupling λ, for various values of g and c = c±, which are considered
as parameters. The results are plotted in Fig. 4.
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Figure 4. The dashed line corresponds to the minimal SUGRA case. The other lines
correspond to various values of the parameter c = c± = 1, 2, 5 from the top to the
bottom, respectively. This is for g = 10−2.
To show the dependence of the cosmic string contribution on the gauge coupling g,
we draw in Fig. 5 the cosmic string contribution for g = 10−1 and c = c± = 0, 1, 2, 5.
Clearly, this case (g = 10−1) is excluded since the cosmic string contribution is above
the allowed one. We note that we do not take c higher than 5, since positivity condition
V ′(S) > 0 requires c < 3 + 2
√
2 [45].
We quantify below the constraints on the parameters space imposed from the three-
year Wilkinson Microwave Anisotropy Probe (WMAP) [46] measurements. We want
to set precise constraints on the free parameters since this can be of importance for
concluding of whether D-term inflation remains in agreement with CMB data once we
also include constraints imposed from the allowed value of the spectral index [47].
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Figure 5. The dashed line corresponds to the minimal SUGRA case. The other lines
correspond to various values of the parameter c = c± = 1, 2, 5 from the top to the
bottom, respectively. This is for g = 10−1.
For g >∼ 10−1, there is no parameters space in agreement with measurements. In the
range g ∈ [2×10−2, 10−1], the parameters space is extremely small, around λ ∼ 2×10−5;
the presence of c enlarges slightly the allowed window. For g = 10−2, the 9% upper limit
on the allowed cosmic string contribution to the CMB imposes, at 95% of confidence
level, the following constraints:
3× 10−8
5× 10−8
9× 10−8
2× 10−7


≤ λ ≤


2.5× 10−5 for c = 0
3.5× 10−5 for c = 1
4.0× 10−5 for c = 2
5.3× 10−5 for c = 5
(85)
or, equivalently,√
ξ ≤ 2.2× 1015 GeV⇐⇒ Gµ ≤ 8.4× 10−7 . (86)
Clearly the new degree of freedom, namely c = c±, allows a slightly higher upper bound
on the coupling, which is however at best higher by only a factor of 2, thus concluding
that fine tuning is still required. All constraints are equivalent to a single constraint on√
ξ, or Gµ, as already stated in Refs. [25, 26]. Therefore, there is a bijection between the
cosmic string contribution and the mass scale of inflation, which nevertheless does not
mean that one can normalise only the inflaton contribution to the CMB data. Clearly,
the error made by this assumption is big when cosmic strings have an important weight,
while it is small if the cosmic string contribution is small, of the order the one found
here. With the current upper limit of 9% on the allowed cosmic string contribution to
the temperature anisotropies, the relative error made on the string contribution, by not
normalising the sum, is of the order of 10%.
As one can see from Figs. 4, 5 the curve which showing the cosmic string
contribution becomes singular at its minimum, for large values of c±. The reason for
this behaviour is that the function F(ξ), denoting the sum of the cosmic strings and
inflaton contributions as a function of ξ becomes non-bijective for certain values of λ.
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This implies that there are more than one solutions for the function F(ξ) normalised
to the COBE data, for a tiny window of the parameter λ around the value 10−5. We
illustrate this in Fig. 6. We have checked that this degeneracy does not influence the
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Figure 6. Three solutions for the function F(ξ). In terms of the cosmic string
contributions these solutions correspond to 7.5%, 11.6% and 43.9% from left to right,
equivalently.
validity of our results since the different solutions for the normalisation to COBE are
of the same order of magnitude and this behaviour is observed for a tiny parameters
space.
As a final remark, we would like to note that there is also another point where we
disagree with Ref. [45]. In their model specified by the choice of the Ka¨hler potential
and with the simplifications made for the scalar potential, the authors obtain [45] a
value for
√
ξ, required to generate the appropriate magnitude of density perturbations.
The authors argue that this value is consistent with the upper limit imposed on ξ so
that the cosmic string contribution is within the allowed window, following the results of
Ref. [48]. However, the analysis of Ref. [48] was done employing the curvaton mechanism;
a contribution which the authors of Ref. [45] have not considered at all.
5.2. General case
We proceed with the general case, namely we include all terms of the next to leading
order
K2 = |S|2+ |Φ+|2+ |Φ−|2+f+
( |S|2
M2Pl
)
|Φ+|2+f−
( |S|2
M2Pl
)
|Φ−|2+b |S|
4
M2Pl
, (87)
where the function f± is just
f±
( |S|2
M2Pl
)
= c±
|S|2
M2Pl
. (88)
The motivation for such a choice is that beyond the minimal supergravity part of
the Ka¨hler potential, the leading order is M−2Pl , implying that one should consider all
corrections up to this order. During inflation, the charged fields Φ± vanish, meaning that
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terms of the form |Φ±|4/M2Pl or |Φ+|2|Φ−|2/M2Pl can be neglected compared to |Φ±|2-
terms, which are in Kmin = |S|2 + |Φ+|2 + |Φ−|2. Thus, the next-to-minimal D-term
inflationary model should be constructed with Ka¨hler potential K2. We again consider
the superpotential
W = λSΦ+Φ− , (89)
involving the superfields S and Φ± with charges 0 and q±, respectively, under the U(1)ξ
symmetry of the Lagrangian. The charges q± must satisfy the constraint induced by the
superconformal origin of the FI term, as discussed in Section 2.2.3. The D-term part of
the scalar potential is thus unchanged as compared the previous section and given by
Eq. (62).
We first compute the inverse Ka¨hler metric g−1, defined by gij(g
−1)jk = δ
i
k:
(g−1)j i =
1
g
×M , (90)
where M is equal to

(1 + f+)(1 + f−) −c+ S∗φ+M2
Pl
(1 + f−) −c− S∗φ−M2
Pl
(1 + f+)
−c+ Sφ
∗
+
M2
Pl
(1 + f−) (1 + ∆) (1 + f−)− c2− |S|
2|φ−|2
M4
Pl
c+c−
|S|2
M2
Pl
φ∗
+
φ−
M2
Pl
−c− Sφ
∗
−
M2
Pl
(1 + f+) c+c−
|S|2
M2
Pl
φ+φ∗−
M2
Pl
(1 + ∆) (1 + f+)− c2+ |S|
2|φ+|2
M4
Pl

 (91)
and we have used Eq. (88) and the definitions
∆ ≡ c+ |φ+|
2
M2Pl
+ c−
|φ−|2
M2Pl
+ 2b
|S|2
M2Pl
; (92)
g ≡ det(g)ji = (1 + ∆) (1 + f+)(1 + f−)
− (1 + f+)c2−
|S|2|φ−|2
M4Pl
− (1 + f−)c2+
|S|2|φ+|2
M4Pl
. (93)
Using Eqs. (26) and (90) we calculate the F-term of the scalar potential:
VF = λ
2 e
K/M2
Pl
g
{
(1 + f+)(1 + f−)|φ+φ−|2
[
1 +
|S|2
M2Pl
(1 + ∆)
]2
+ (1 + ∆)(1 + f−)|Sφ−|2
[
1 +
|φ+|2
M2Pl
(1 + f+)
]2
− c2−
|Sφ−|4
M4Pl
[
1 +
|φ+|2
M2Pl
(1 + f+)
]2
+ (1 + ∆)(1 + f+)|Sφ+|2
[
1 +
|φ−|2
M2Pl
(1 + f−)
]2
− c2+
|Sφ+|4
M4Pl
[
1 +
|φ−|2
M2Pl
(1 + f−)
]2
− 2c+(1 + f+) |Sφ−φ+|
2
M2Pl
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×
[
1 +
|S|2
M2Pl
(1 + ∆)
] [
1 +
|φ+|2
M2Pl
(1 + f+)
]
− 2c−(1 + f−) |Sφ−φ+|
2
M2Pl
×
[
1 +
|S|2
M2Pl
(1 + ∆)
] [
1 +
|φ−|2
M2Pl
(1 + f−)
]
+ 2c+c−|φ+φ−|2 |S|
4
M4Pl
×
[
1 +
|φ+|2
M2Pl
(1 + f+)
] [
1 +
|φ−|2
M2Pl
(1 + f−)
]}
− 3eK/M2Pl |W |
2
M2Pl
. (94)
From the F-term part of the scalar potential, different limits can be taken to recover
known results. For example, the limit c+ = c− = b = 0 allows to recover the
standard minimal D-term inflation as discussed in Ref. [35]. The limit b = 0, leads
to the potential analysed in Section 5 and first studied in Ref. [45]. Finally, the limit
c+ = c− = 0, gives the case of the scalar potential studied also in Ref. [45] with the
choice h(|S|2) = |S|2 + |S|4.
Equation (94) implies that during inflation VF is minimised for 〈φ+〉 = 〈φ+〉 = 0,
thus VF = 0 and inflation is driven by the D-term. The total scalar potential V is
constant at tree level and equal to V0 = g
2ξ2/2. Having the scalar potential we calculate
the masses of the canonically normalised scalar components of the superfields Φ±:
m2± = exp
( |S|2
M2Pl
+ b
|S|4
M4Pl
)
λ2|S|2
(1 + f+)(1 + f−)
+ g2q±ξ , (95)
whereas from Eq. (29) we get the mass squared for their fermionic partners:
m2fermion = exp
( |S|2
M2Pl
+ b
|S|4
M4Pl
)
λ2|S|2
(1 + f+)(1 + f−)
. (96)
Following the same procedure as in the previous sections, we obtain the effective
potential
Veff(|S|) = g
2ξ2
2
{
1 +
g2
16pi2
[
2 ln
(
z
g2ξ
Λ2
)
+ fV (z)
]}
, (97)
where fV (z) is the same as in Section 5, Eq. (69); the only difference is the expression
for z, namely here
z ≡ λ
2|S|2
g2ξ
exp
( |S|2
M2Pl
+ b
|S|4
M4Pl
)
1
(1 + f+)(1 + f−)
. (98)
The first derivative of the scalar potential with respect to |S| reads
V ′eff(|S|) ≡
dVeff
d|S| =
g4ξ2
16pi2
z fV ′(z) fz(|S|) , (99)
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where fV ′ is the same as in Section 5, Eq. (72), but fz(|S|) is in this case given by
fz(|S|) = 2|S|
[
1
M2Pl
+
2b|S|2
M4Pl
+
1
|S|2 −
c+
(1 + f+)M2Pl
− c−
(1 + f−)M2Pl
]
.(100)
The number of e-folds and the inflationary contribution to the CMB quadrupole
anisotropy are still calculated using Eqs. (77) and (82), respectively, with fz(|S|) given by
Eq. (100) above. The cosmic strings contribution to the CMB temperature anisotropies
is the same as in the minimal D-term SUGRA case. The contribution of cosmic strings
to the CMB anisotropies in the whole parameters space is represented in Figs. 7, 8, 9.
1.´10-6 0.00001 0.0001 0.001
Λ
0.1
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Cosmic string contribution H%L g=10-2, c+=c-=0, b=0, 0.5, 1, 2
Figure 7. Cosmic string contribution to the CMB temperature anisotropies as a
function of the superpotential coupling constant λ, in the next-to-minimal D-term
inflationary model. The value of the gauge coupling constant is fixed and equal to
g = 10−2; there are no cross terms between S and Φ±, i.e., c± = 0. The minimal
SUGRA for b = 0 is represented by the dashed line, while the different plain lines are
calculated for b = 0.5, 1, 2, going from the bottom to the top. A fine tuning of the
superpotential coupling λ is still required, in order to avoid a dominant contribution
of cosmic strings.
Studying the above figures one easily concludes that considering a more general
form for the Ka¨hler potential does not solve the fine tuning problem of D-term inflation.
The new term in the Ka¨hler potential, whose weight is given by the parameter b,
induces an enhancement of the cosmic string contribution at low λ. We still observe
a dominant contribution of cosmic strings if the superpotential coupling λ is close to
unity. Therefore, the constraints on λ found on the previous section remain unchanged
as given in Eq. (85).
Conclusions
D-term hybrid inflation is a successful and interesting model. In the context of
supergravity, D-term inflation avoids the Hubble-induced mass problem, which plagues
F-term hybrid inflation, while it can easily be implemented in string theory. In a
standard formulation of D-term inflation, where the constant FI term gets compensated
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Cosmic string contribution H%L b=1, c+=c-=0, g=10-3, 10-2, 10-1
Figure 8. Cosmic string contribution to the CMB temperature anisotropies as a
function of the superpotential coupling constant λ, in the next-to-minimal D-term
inflation model. The parameter b is set equal to b = 1; there are no cross terms between
S and Φ±, ie c± = 0. The different plain lines are calculated for g = 10
−3, 10−2, 10−1,
going from the bottom to the top. A fine tuning of the superpotential coupling λ is
still is required to avoid a dominant contribution of cosmic strings.
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Cosmic string contribution H%L b=1, c+=c-=1, g=10-3, 10-2, 10-1
Figure 9. Cosmic string contribution to the CMB temperature anisotropies as a
function of the superpotential coupling constant λ, in the next-to-minimal D-term
inflation model. The parameter b is set equal to b = 1; there are no cross terms between
S and Φ±, i.e., c± = 0. The different plain lines are calculated for g = 10
−3, 10−2, 10−1,
going from the bottom to the top. A fine tuning of the superpotential coupling λ is
still required, in order to avoid a dominant contribution of cosmic strings.
by a single complex scalar field, we do not add an additional discrete symmetry, and
do not consider non-renormalisable terms in the potential, D-term strings are formed
at the end of the phase transitions which signals the end of inflation. These strings are
analogous to the D-strings formed at the end of brane inflation, which is the result of
brane collisions.
D-term inflation cannot be studied in the standard formulation of supergravity,
which is ill-defined whenever the superpotential vanishes and there are present constant
Fayet Iliopoulos terms. Following an effective supergravity formulation based on
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superconformal theory, the superpotential transforms under the U(1) symmetry along
the directions where the FI terms are constant. This transformation defines the charge
assignments of the superfields. D-term inflation has to be studied within this new
formulation of supergravity, which is well defined when the superpotential vanishes.
Cosmic strings contribute to the cosmic microwave background temperature
anisotropies. All current measurements put severe constraints on the allowed cosmic
string contribution. To achieve a compatibility between measurements and theoretical
predictions one should fine tune the couplings. This was already found in the case of
minimal supergravity. It was therefore natural to ask the question of whether this result
still holds in non-minimal supergravity. It was previously claimed in the literature that
higher order Ka¨hler potentials suppress the cosmic strings contribution. Studying a case
of non-minimal supergravity, where we include higher order corrections in the Ka¨hler
potential, as well as supergravity with shift symmetry we conclude that cosmic string
contribution will be dominant unless the couplings are fine-tuned. We also find that,
as in the minimal case [25, 26], the 9% constraint on the cosmic string contribution is
equivalent to the constraint√
ξ ≤ 2.2× 1015 GeV⇐⇒ Gµ ≤ 8.4× 10−7 . (101)
We would also like to emphasise that if
√
ξ is higher by a factor of 2, the cosmic string
contributison is of the order of 100%, as show in Fig. 7 of Ref. [25].
In conclusion, we definitely disagree with the statement that non-minimal Ka¨hler
potentials avoid the cosmic strings problem, which should imply that fine tuning is
not necessary. Even though we have not studied a large number of Ka¨hler potentials,
our current findings indicate that the problem of fine tuning is unavoidable unless one
considers a more complicated model, for example where strings become topologically
unstable, namely semi-local strings. We have not yet studied [47] the spectral index in
our models to check the consistency with the limits imposed by the recent three-year
WMAP data, which however have been given only for purely adiabatic models. If the
spectral index is higher than the one preferred from the measurements and since, in
addition, the requirement for very small couplings seems more difficult to be satisfied in
string theory, one should then look for mechanisms to suppress the roˆle of strings, for
example by making them unstable, along the lines of Refs. [9, 8], by adding new terms
in the superpotential [49], or by considering the curvaton mechanism [48, 26].
As we were completing this work, Ref. [50] came to our attention. In that study,
the authors find, in the context of minimal supergravity, slightly higher upper bounds
for the parameters λ and g, whereas the obtain the same with us upper bound on the FI
term. This small discrepancy originates from the different analysis followed in Ref. [50];
the authors perform a full Markov-Chain-Monte-Carlo analysis and consider one more
parameter, namely the spectral index.
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